During atomic layer deposition of homogeneous La y Zr 1−y O x thin films spontaneous segregation of ZrO 2 nanocrystals that are embedded in an amorphous La 2 O 3 matrix takes place. This occurs if the Zr content in the La y Zr 1−y O x film rises above 30%, i.e., if the pulse ratio between the lanthanum precursor and the zirconium precursor is larger than four. X-ray diffraction analysis shows that the ZrO 2 nanocrystals are in the tetragonal phase, which is the most stable configuration of this material with the highest dielectric permittivity. These nanocrystal-embedded thin films exhibit higher dielectric constants as the Zr content increases. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2971032͔
One major consequence of complementary metal-oxide semiconductor downscaling is the ultrathinning of the gate oxide layer, in order to enhance the capacitive coupling with the channel. This will increase the switching speed by increasing the charge transport through the device. On the other hand, a thinner gate oxide results in higher leakage current due to quantum tunneling of electrons through the dielectric film, and causes intolerable power dissipation in the device. 1 In order to maintain a strong capacitive coupling with the channel a high permittivity dielectric is required that allows using a thicker oxide film. Consequently, leakage can be improved by avoiding direct tunneling. In the quest to replace SiO 2 by other high-k dielectric materials, transition metal oxides, and in particular, rare-earth metal oxides have been identified as suitable candidates due to their very promising electrical properties. 2 The International Technology Roadmap for Semiconductors suggests that rare-earth materials, especially, lanthanum based oxides, would be the preferred materials to proceed with, among other medium-k oxides, 3 considering their relatively high permittivity ͑25-40͒, high breakdown electric fields, and low leakage current. Lanthanum oxide ͑La 2 O 3 ͒ has achieved special attention in this series since it can achieve less than 1 nm equivalent oxide thickness, with a dielectric permittivity of ϳ27, very low trap levels, and high breakdown electric fields. 4 Yet, despite the superior electrical performances, La 2 O 3 ͑lanthana͒ has been found to be very hygroscopic, thus changing its dielectric properties in humid ambience. [5] [6] [7] Doping with aluminum or other larger lattice energy oxides ͑Y 2 O 3 , ZrO 2 , etc.͒ was reported to be effective in order to prevent moisture-induced structural and consequent electrical instabilities of this material. 8 Nevertheless, the effects of addition of such oxides on the structure and stoichiometry of La 2 O 3 thin films have not been investigated enough to get thorough insights on the mechanism underlying this effect.
In this letter, we report the effects of adding ZrO 2 to La 2 O 3 in order to enhance the material properties and electrical stability of the layers and how it influences both the stoichiometry and dielectric permittivity of the layers. In addition, we discuss the temperature dependence of the leakage current on the La:Zr composition in these nanoclusterembedded dielectric thin films as well.
Thin films of La 2 O 3 , ZrO 2 , and La y Zr 1−y O x with different La:Zr ratios were deposited on p-type 200 nm Si ͑100͒ substrates ͑with resistivity of 3 -10 ⍀ cm͒ in an ASM hot-wall, cross-flow PULSAR® 2000 atomic layer chemicalvapor deposition reactor. Tris͑2,2,6,6-tetramethyl-3,5-heptanedionato͒ lanthanum ͓La͑thd͒ 3 ͔ and bis͑cyclopentadi-enyl͒methyl methoxy͑IV͒zirconium ͑ZrD-O4͒ ͑both from SAFC Hitec͒ were used as precursors for the La 2 O 3 and ZrO 2 deposition, respectively, with ozone as the oxidizing agent. Deposition temperature was 300°C. The composition of the La y Zr 1−y O x layers was varied by changing the pulse ratio of the La͑thd͒ 3 and the ZrD-O4 precursor. Different deposition rates and nucleation behavior of La 2 O 3 and ZrO 2 on top of each other result in samples with different thicknesses.
A comparison of stoichiometries, determined with Rutherford backscattering spectroscopy ͑RBS͒ and x-ray photoelectron spectroscopy ͑XPS͒, and mean thickness, estimated with ellipsometry and high resolution transmission electron microscope ͑TEM͒ are given in Table I . Figure 1 depicts TEM images of oxide films with La:Zr pulse ratios of 1:9 and 1:1 in high-resolution and bright-field mode, where the crystalline La y Zr 1−y O x -layer is visible. Grazing incidence x-ray diffraction ͑XRD͒ analysis reveals that La 2 O 3 is in amorphous phase, whereas the ZrO 2 nanocrystals are in the tetragonal phase ͑inset of Fig. 2͒ . The crystal size of the ZrO 2 clusters has been estimated using the standard Debye-Scherrer formula 9 and is shown in Fig. 2 . This graph allows us to estimate the threshold percentage of ZrO 2 in the film, at which the nucleation of ZrO 2 starts. The dotted gray line is a linear fit to the data. Its extrapolation gives the solid solubility limit of ZrO 2 the La y Zr 1−y O x film rises above 30% spontaneous nucleation of ZrO 2 nanocrystals will occur. In homogeneous Al y Zr 1−y O x films deposited by atomic layer deposition ͑ALD͒, such a phase segregation was not observed. 10 These films remained amorphous even after prolonged anneals at elevated temperatures. Only the films with La:Zr pulse ratio of 12:1 that contain 20% of ZrO 2 show weak cluster formation ͑in the La y Zr 1−y O x phase͒ or a very short-range order of Յ1.5 nm. These samples appear amorphous in TEM images as well. Figure 3 shows the leakage current as function of temperature at a constant electric field of 0.85 MV/cm presented as Arrhenius plots. The choice of this fixed electric field assures that we are measuring space-charge-limited currents through the samples, instead of the tunneling current. The La 2 O 3 sample shows an abrupt transition from a low leakage current to a high leakage current at around 50°C. This indicates a transition from an unstable hydroxide phase formed due to moisture absorption, to the normal amorphous oxide phase. 6 The sample 4:1 shows clearly two regimes of conduction, seemingly related to La 2 O 3 at lower temperatures and ZrO 2 at higher temperatures. The 1:9 film shows a behavior closer to ZrO 2 at lower temperatures and close to La 2 O 3 at higher temperatures as indicated by the gray lines.
The general trend in Fig. 3 is that the presence of ZrO 2 stabilizes the La 2 O 3 layers more. They do not exhibit abrupt transitions in leakage current anymore. Figure 4 shows the variation in dielectric constant of the samples as a function of the Zr percentage in the film. The dielectric constants were derived from capacitance measurements on metal-insulator-semiconductor-type ͑Al/ La y Zr 1−y O x / Si͒ capacitors with a size of 100 ϫ 100 m 2 . We obtained a relatively low dielectric constant of 17.3 for La 2 O 3 compared to the value of 27 reported earlier. 4 This low dielectric constant is possibly due to the amorphous character of the film and the instability of the oxide-hydroxide phase, as is also shown by the Arrhenius plots in Fig. 3͑a͒ . The dielectric constant of the films increases linearly with the Zr content in the film. This enhancement in dielectric permittivity has been shown in homogeneous Al y Zr 1−y O x films as well, where the dielectric constant linearly increases with the Zr content in the film. 10 Besling et al. who used ZrCl 4 and H 2 O as precursors have observed the formation of the monoclinic ZrO 2 phase, which is reported to have a lower dielectric constant of around 22. On the other hand, the reasonably high dielectric constant of 30 for the pure ZrO 2 layers indicates that the choice of ZrD-O4 as Zr precursor has a significant impact on the dielectric properties of the film, compared to chlorine-based precursors. 10 This is nicely supported by XRD analysis that the ZrO 2 clusters are predominantly found in the tetragonal phase, which is the most stable form of ZrO 2 that also exhibits the desired maximum dielectric permittivity. 11 Our observation shows that the ZrO 2 clusters are in the tetragonal phase when embedded in La 2 O 3 at lower molecular percentages. This is because the surface free energy of the tetragonal phase is lower to that of monoclinic phase in ZrO 2 clusters with dimensions lower than 30 nm. 12 The largest ZrO 2 cluster size in our samples is 17 nm, which explains the dominance of tetragonal ZrO 2 clusters that give a reasonably high dielectric permittivity. In addition to this observation the choice of precursor could be significant in determining the stability of the tetragonal clusters in the thin film. However, the exact reaction mechanism that distinguishes the origin of the phase segregation of ZrO 2 would involve a more detailed molecular ab initio calculation, which is beyond the scope of this letter.
In conclusion, we show in this letter that the mixing of monolayers of La 2 O 3 and ZrO 2 films by repeated application of precursor pulses in ALD results in the spontaneous formation of nanocrystalline ZrO 2 crystals in an amorphous La 2 O 3 matrix, instead of a homogeneous La y Zr 1−y O x film. We find that below 30% Zr content the spontaneous crystallization is very unlikely, though short-range order is still feasible. The incorporation of ZrO 2 in La 2 O 3 results in stabilization due to the tetragonal ZrO 2 nanocrystals embedded in the layers, as has become evident from the estimated dielectric constants and temperature dependent leakage current through the samples.
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